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he Near Earth Asteroid Rendezvous (NEAR) mission, the first in NASA’s Discov-
ery Program, launched on 17 February 1996. Almost 4 years later (14 February 2000) the 
NEAR spacecraft (NEAR Shoemaker) began the first orbital study of an asteroid, the 
near-Earth object 433 Eros. NEAR Shoemaker completed its mission on 12 February 2001 
by landing on the asteroid and acquiring data from its surface. In addition to its detailed 
study of the S-type asteroid 433 Eros, NEAR Shoemaker also performed the first flyby 
measurements of a C-type asteroid, 253 Mathilde, en route to its target destination. This 
successful mission has provided a new wealth of discoveries in the field of asteroid science 
and has led to new lines of thought about asteroids, their formation, and their evolution.

INTRODUCTION
The Near Earth Asteroid Rendezvous (NEAR) mis-

sion was a science mission of many historical firsts. 
Launched on 17 February 1996, it was the first in 
NASA’s new Discovery Program. Its science investi-
gation began with the first flyby of a C-type asteroid, 
253 Mathilde, on 27 June 1997. Subsequently it flew 
by S-type asteroid 433 Eros, its primary target, on 13 
December 1998. On 14 February 2000, almost 4 years 
after launch, it made history by being the first spacecraft 
to orbit an asteroid when it entered orbit around Eros. 
The spacecraft was then renamed NEAR Shoemaker in 
honor of the late Eugene M. Shoemaker (1928–1997), 
a pioneer in asteroid and crater science. NEAR accom-
plished another historical first when on 12 February 
2001 it gently touched down on Eros’ surface (Fig. 1) 
and returned scientific measurements from the asteroid’s 
surface for an additional 10 days.1,2

The NEAR Shoemaker spacecraft carried onboard 
a six-instrument scientific payload in addition to a 
radio science investigation using the spacecraft tele-
communications system. The instruments included 
three spectrometers (near-infrared, X-ray, and gamma-
ray), a multispectral imager, a laser rangefinder, and 
a magnetometer. Detailed descriptions of the space-
craft’s performance and the science instruments are 
given in articles by Santo and Gold elsewhere in this 
issue, in the Journal of Astronautical Sciences 43(4), and 
in articles included in both the Technical Digest 19(2) 
and Advances in Astronomical Sciences 109. Other arti-
cles in this issue also describe the details of the mission 
design (Dunham et al.), mission operations (Hold-
ridge), spacecraft navigation (Williams), science oper-
ations (Holland), and science planning (Heyler and 
Harch). The following is a discussion of the scientific 
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results obtained during the Mathilde flyby and the 
rendezvous with Eros. As with most successful explo-
ration missions, NEAR answered the questions it was 
designed to investigate and tantalized us with observa-
tions that have led to new directions of inquiry. 

SCIENCE BACKGROUND
Between the orbits of Mars and Jupiter reside the 

main-belt asteroids, the largest known population of 
such bodies. Another population, the near-Earth aster-
oids, have orbits that come within 1.3 AU of the Sun 
and are believed to originate from the main belt. The 
orbits of these former main-belt asteroids have evolved 
on 100-million-year timescales owing to collisions, the 
Yarkovsky effect (reaction force from anisotropic emis-
sion of thermal radiation), and gravitational interactions 
with the planets3 to their present locations. Because of 
their evolutional link to the main belt, near-Earth aster-
oids represent a broad sample of the main-belt asteroid 
population. 

Prior to the mission, the NEAR Science Working 
Group4 identified some of the key gaps in our under-
standing about asteroids. The questions they formulated 
fell into two basic categories: (1) how did small bodies 
in the solar system form and evolve, and (2) how can 
asteroids be linked to the collection of asteroid samples 
(known as meteorites) we currently have on Earth? 
Understanding the formation and evolution of aster-
oids, which are some of the most primitive bodies in the 
solar system, increases our knowledge of the origin and 
evolution of planets within the solar system as well as 
the environment of the early solar system. Establishing 
a correlation between the meteorite classes and asteroid 
types also increases our understanding of the origin and 
evolution of the solar system by allowing us to compare 
the “hand samples” we have in meteorites with their 
source regions in the solar system. From studies of the 

mineralogy and petrology of the meteorites we gain 
an insight into which processes were at work as well 
as when and where they occurred in the early solar 
system. 

Knowledge and information on the nature of aster-
oids prior to the NEAR mission came from three sources: 
(1) Earth-based remote sensing, (2) spacecraft flybys 
(Galileo flybys of two main-belt S-type asteroids, 951 
Gaspra and 243 Ida), and (3) laboratory analysis of 
meteorites. To comprehend the formation and evolu-
tion of small solar system bodies such as asteroids, we 
need information about their composition (both min-
eral and elemental), internal structure, and surface pro-
cesses. Earth-based remote sensing has yielded a wealth 
of information on the global mineral composition of var-
ious asteroid types from spectral measurements. Actu-
ally, an asteroid’s type classification is based on spectral 
signature. Disk-resolved spectral information, however, 
had been limited to color measurements obtained by 
the Hubble Space Telescope5–13 and the Galileo space-
craft. Before the NEAR mission, no direct measurement 
of mineral and elemental compositional information for 
asteroids had been available. Such knowledge is needed 
to determine if an asteroid has undergone melting and 
differentiation (gravitationally driven partition of mate-
rials), and to what degree it has been melted and/or 
differentiated. This information, coupled with its size 
and an understanding of its internal structure, can help 
establish whether the asteroid is a shard from a larger 
object or an agglomeration of gravitationally bound 
rubble.

An asteroid’s internal structure is largely determined 
by its collisional history during its evolution. An aster-
oid that has been battered into an agglomeration of 
much smaller components bound by gravity (a rubble 
pile) has undergone a very different collisional history 
from one that is an intact collisional fragment from a 
larger parent body (a collisional shard). A collisional 
shard would be a globally consolidated body with appre-
ciable shear and/or tensile strength, for which self-grav-
itation would be relatively unimportant. For example, 
Gaspra’s faceted shape and the presence of grooves on 
its surface hint at such a structure.14 However, an alter-
native picture for asteroids the size of Eros is that they 
were thoroughly broken up without being dispersed (or 
possibly re-accreted), so they would now be rubble piles 
(e.g., Refs. 15 and 16). Some small asteroids rotate so 
rapidly that they must be monolithic (e.g., Ref. 17), but 
no asteroids larger than 0.2 km have been found with 
rotation periods shorter than 2 h, suggesting that most 
of these larger bodies are rubble piles.18 

The majority of meteorites are believed to be colli-
sional fragments of asteroids (a few come from the Moon 
and Mars). The proposed links between asteroids and 
meteorites are highly controversial, and firm correlations 
between meteorite types and asteroid types have been 

Figure 1. Artist’s rendition of the NEAR Shoemaker spacecraft 
on the surface of Eros after its historic landing.
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difficult to establish.19 For example, ordinary chondrite 
and anchondrite meteorites are both proposed candidates 
for S-type asteroids, the most common asteroid type in 
the inner part of the main belt. Ordinary chondrites (the 
most common meteorite type) are primitive and rela-
tively unprocessed, whereas achondrites represent bodies 
that have undergone thermal processing. Although some 
S-type asteroids appear to be fragments of bodies that 
underwent substantial melting and differentiation (e.g., 
achondrites), others (e.g., ordinary chondrites) appear to 
consist of primitive materials that underwent little or no 
melting. Since the S-type asteroids are the objects most 
likely to have preserved characteristics of the solid mate-
rial from which the inner planets accreted, establishing 
their link to the meteorite types will enable us to under-
stand the early solar system environment from which the 
inner planets evolved. 

Attempts have been made to use spectral observa-
tions to link asteroid and meteorite types. Few definitive 
spectral analogs for ordinary chondrites have been found 
among the asteroids. Space-weathering processes such 
as micrometeorite bombardment and radiation process-
ing may suitably alter spectral properties of optical sur-
faces on asteroids20,21 so that ordinary chondrite materi-
als on asteroids are not recognized spectrally. 

SCIENTIFIC RESULTS
The Galileo spacecraft flybys of Gaspra and Ida pro-

vided the first high-resolution images of asteroids. These 
images revealed complex surfaces covered by craters, 
fractures, grooves, and subtle color variations.22,23 Gali-
leo also discovered Ida’s satellite Dactyl.24 The Galileo 
flyby measurements demonstrated the wealth of infor-
mation that can be obtained about asteroids through 
spacecraft encounters. NEAR’s scientific findings, pre-
sented here, reemphasize the wealth of knowledge 
gained through spacecraft encounters by providing us 
with information on two very different asteroids.

Mathilde
In October 1991 and September 1993 the Galileo 

spacecraft flew by the S-type asteroids 951 Gaspra and 
243 Ida, respectively. NEAR Shoemaker’s encounter 
with 253 Mathilde in July 1997 was the first spacecraft 
encounter with a C-type asteroid, the most common 
asteroid type in the central portion of the main belt. 
C-type asteroids are inferred to have a carbonaceous 
composition based on their spectral similarity to carbo-
naceous chondrite meteorites. The nature and origins 
of the dark, primitive asteroid types (like C-types) and 
their relationships to the comets and the dark objects 
in the satellite systems of the outer planets are among 
the most important unresolved issues in solar system 
exploration. NEAR’s observations of an example of 
such an object have provided insight that was previ-
ously unattainable.

NEAR Shoemaker acquired more than 500 images of 
Mathilde25 and obtained the first direct mass determina-
tion (1.03  1020 g) of an asteroid26 from radio tracking 
of the spacecraft. Only one face of Mathilde was imaged 
during the 25-min flyby. Its volume (78,000 km3) was 
estimated based on the shape of the imaged hemisphere, 
as derived from limb fits and stereogrammetry,25 and 
on ground-based light-curve observations27 to constrain 
the unimaged portion. The measured mass and esti-
mated volume imply a density of 1.3 ± 0.3 g cm–3. Given 
the evidence that Mathilde’s bulk composition is sim-
ilar to that of carbonaceous chondrite meteorites,28,29 
the inferred density was unexpectedly low, half that of 
carbonaceous chondrite meteorites. This implies a high 
internal porosity, or volume fraction of void space, on 
the order of 40 to 60%.30 This high porosity has direct 
implications and constraints for the surface geology and 
internal structure of Mathilde. 

The images taken during the flyby (Fig. 2) show that 
Mathilde’s surface is heavily cratered; at least four giant 
craters have diameters that are comparable to the aster-
oid’s mean radius (26.5 km). The magnitude of the 
impacts required to create craters of this size, if the 
crater formation process were controlled by gravity, is 
believed to be close to that needed to completely disrupt 
Mathilde. So why didn’t Mathilde break apart during 
any of the impact events that created these craters? Part 
of the answer lies in Mathilde’s high porosity.30–32 Lab-
oratory experiments on cratering in highly porous tar-
gets33 have demonstrated that crater formation is gov-
erned by compaction of the target material rather than 
by fragmentation and excavation. Cratering processes 
governed by material properties (like porosity) produce 
craters with fresh morphologies (steep walls and crisp 
rims) and with little ejecta (e.g., Refs. 34–37). The 

Figure 2. Mosaic of asteroid 253 Mathilde constructed from four 
images taken during NEAR Shoemaker’s flyby in July 1997.
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relatively fresh morphologies and absence of obscuring 
ejecta blankets associated with Mathilde’s large craters 
support the notion that Mathilde’s porosity plays an 
important role in the cratering process.32,33 

Another consideration is that roughly half of all 
impacts are oblique. Oblique impacts are less likely 
to disrupt a target since they generate lower peak pres-
sure and lower peak strain rates. If Mathilde’s oblique 
impacts and porosity are taken into account, the prob-
ability of making a giant crater is 2.1 to 2.6 times more 
than the probability of disruption.38 These results may 
explain not only how Mathilde survived so many giant 
impacts, but also how a giant crater can be emplaced 
practically adjacent to another without disrupting it. 

The relatively lower resolution of the Mathilde 
images compared to the images obtained at Gaspra, Ida, 
and Eros restricts the analysis of the smaller-scale sur-
face morphology. The images show that craters of all 
degradation states are present, and the areal density of 
craters with up to a 5-km diameter approaches satura-
tion equilibrium, with a size distribution similar to that 
observed on Ida.31 At the current resolution the images 
do not show any evidence for layering on the interior 
of the crater walls; however, there is evidence for pos-
sible mass-wasting chutes and slides in the interior of 
the large crater Karoo as well as a slump of material on 
the floor of the 7-km crater Lublin.32

Mathilde’s low density and high porosity are con-
sistent with a rubble pile structure. Nevertheless, the 
nature and distribution of voids within the interior is 
not well constrained. Nor is the history of Mathilde’s 
porosity well known. Did this asteroid originally accrete 
as a porous structure and survive as such to the present, 
or, alternatively, is Mathilde an agglomerate of larger 
fragments, subsequently accreted to form this asteroid? 
If the latter is true, Mathilde may have been thoroughly 
disrupted by impacts but not dispersed; thus macro-
scopic voids would be expected, possibly in addition to 
microscopic porosity. 

Color images show Mathilde to be remarkably uni-
form. The NEAR observations revealed no evidence 
for any regional albedo or spectral variations, implying 
a homogeneous composition. The measured geometric 
albedo (0.043 ± 0.005) is consistent with telescopic 
observations39 (improved calibration is given in Ref. 
40). The implied homogeneity in composition is another 
constraint on Mathilde’s structure.

The NEAR imaging observations provide additional 
clues to the nature of Mathilde’s internal structure. If 
Mathilde accreted fragments of diverse parent bodies, 
these must have had remarkably uniform albedos and 
colors, or else the fragments must be smaller than 
about 500 m. Evidence for structure has been reported 
from images; there are polygonal craters, a 20-km-long 
marking interpreted as a scarp, and a sinuous linear fea-
ture that may be an exposed layer.32 Mathilde’s high 

porosity is key to understanding its collisional history, 
but its structural features, such as the aforementioned 
scarp and its polygonal craters, indicate that it is not 
completely strengthless and that at least one of its 
structural components appears coherent over a few 
tens of kilometers.

Eros
NEAR Shoemaker encountered Eros (Fig. 3) twice, 

first with a flyby in December 1998 and finally with an 
orbital mission from 2000 to 2001. The flyby observa-
tions greatly facilitated the Eros orbital mission and 
allowed an earlier start to the low-altitude phase of 
the primary mission. The flyby and orbital observations 
yielded values of the mass and density of 6.687 ± 0.003 
1015 kg and 2670 ± 30 kg m–3, respectively.41 The size 
and rotation pole of Eros were found to be consistent 
with previous ground-based determinations.42,43 

NEAR Shoemaker’s instruments provided measure-
ments indicating that Eros is a consolidated body, not 
a loosely bound agglomeration of smaller component 
bodies or a rubble pile.30,44,45 The measured gravity 
field is consistent with a uniform density object of the 
same shape.41 Comparisons of Eros’ measured density 
with laboratory measurements of the density of ordi-
nary chondrite meteorites46 estimate Eros’ bulk poros-
ity to be 21 to 33%. This implies that even though the 
asteroid’s mass is uniformly distributed, it is significantly 
porous and/or fractured, but not to as large an extent 
as Mathilde. The size scale of this porosity (micropo-
rosity on the scale of grains or macroporosity on the 

Figure 3. Mosaic of the northern hemisphere of Eros, acquired 
from a 200-km orbit.
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scale of structural elements) is not 
constrained by the gravity or den-
sity measurements, but is commen-
surate with a heavily fractured con-
solidated body rather than a rubble 
pile.47,48 There is a less than 1% 
center of mass offset from the 
center of figure,49,50 which is con-
sistent with an underdense regolith 
(unconsolidated dust) layer of up to 
a 100-m depth.45 

Additional evidence that Eros 
is a consolidated body is found 
in the NEAR images. These show 
linear structural features—a variety 
of ridges, grooves, and chains of 
pits or craters44 that display region-
ally coherent alignments over sev-
eral kilometers (Fig. 4). A handful 
of large-scale structures (Fig. 5) 
have been identified, showing evi-
dence for a global structural fabric. 
These include Rahe Dorsum, Cal-
isto Fossae (a long ridge system at 
25ºS, 150º–170ºW), and a set of 
grooves at 50º–60ºS. Suggested ori-
gins for Eros’ global structural fabric 
include compositional layering, pre-
existing fractures, and a metamor-
phic fabric.48 The spectral homoge-
neity observed on Eros51,52 supports 
an origin due to fracturing or ther-
mal- or pressure-related metamor-
phosis within Eros’ parent body.48 
Evidence for structural strength is 
also found from crater morpholo-
gies: many craters smaller than 1 km 
appear to be jointed and/or struc-
turally controlled,53 although larger 
craters (such as Psyche) are bowl-
shaped. Additional evidence for 
a consolidated body is found in 
the presence of steep slopes (Fig. 
6), which are well above expected 
angles of repose.45 Taken together, 
the gravity field measurements, 
linear structural features, tectonic 
features such as Rahe Dorsum, 
jointed craters, and indications of 
internal structural coherence all sug-
gest that Eros is a collisional frag-
ment from a larger parent body, or a 
so-called “collisional shard.”

Examining Eros’ cratering record 
tells us a great deal about its geo-
logic history. Figure 7 compares the 

Figure 4. Images from the NEAR Multispectral Imager camera showing the variety of 
structural features found on the surface of Eros that are indicative of a coherent, consoli-
dated substrate.

Figure 5. Eros from a 200-km orbit. At lower left and center, the saddle-shaped depres-
sion Himeros and the boulder-rich depression Shoemaker Regio are marked (these 
regions are in shadow). A portion of the 18-km-long ridge (Rahe Dorsum), which contin-
ues over the horizon, is marked with the shorter arrows. The density of craters larger 
than 500 m is much greater outside of Himeros and Shoemaker Regio. Systems of 
crosscutting grooves are seen in Himeros. Many crater walls exhibit bright and dark 
albedo markings. The Sun is to the right. At the upper right is another view of Himeros 
and Shoemaker Regio. 

Shallow troughs

Pit chains

Ridges

Fractures
Flat-floored

troughs Rimmed grooves



10 JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 23, NUMBER 1 (2002)

D. L. DOMINGUE AND A. F. CHENG

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 23, NUMBER 1 (2002) 11

NEAR: THE SCIENCE OF DISCOVERY

10

1

0.1

0.01

0.001

Geometric
saturation

Normal cratered
terrains

Saturated

Crowded

Very
small

1 km 10 km 100 km
Small Huge

Diameter

C
ra

te
r 

de
ns

ity

Mathilde

Eros

Ida

Gaspra

Figure 6. The NEAR Shoemaker Laser Rangefinder (NLR) measured topography on 
Eros’ surface by determining the ranging time of short laser pulses. One set of 
NLR ranging measurements detected a steep cliff more than 100 m high within 
the saddle-shaped depression of Himeros. The location of the laser height profile 
is marked a–f in the left panel, which is a mosaic, and in the upper right panel, 
which is a single image obtained at the same time as the laser height profile. 
The cliff looks very different in the two images because of the different lighting conditions.

Figure 7. This graph compares impact crater populations on 
the various asteroids visited by spacecraft. The density of the cra-
ters increases from bottom to top of the graph. The line labeled 
“geometic saturation” represents the crater density where craters 
would totally crowd the surface. A distinction made between aster-
oids is whether large or small craters dominate the surface cov-
erage. A line sloping to the upper right indicates large craters 
dominating the surface coverage, whereas a line sloping to the 
upper left indicates small craters dominating the surface cover-
age. This plot demonstrates that Eros has similar numbers of 
small craters as Mathilde and Ida but lacks the number of large 
craters observed on Mathilde. The low number of craters observed 
on Gaspra compared to Eros, Ida, and Mathilde indicates that 
Eros’ surface is younger than the others.
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size density of craters found on Eros to other asteroids 
visited by spacecraft. In contrast to the large craters 
seen on Mathilde, the morphology of the three largest 
impacts on Eros (Himeros at ≈9.0 km, Shoemaker at 
7.6 km, and Psyche at 5.3 km) displays shapes, depth/
diameter ratios, and rims (for Shoemaker and Psyche) 
that are consistent with gravity controlled impact exca-
vation.54 Most of the surface is old and close to equi-
librium saturation, with craters larger than 200 m in 
diameter.44,55 However, Eros’ surface is deficient in cra-
ters smaller than 200 m in diameter.48,55 Crater densi-
ties also vary across Eros’ surface. 

The NEAR images show evidence for globally dis-
tributed crater ejecta in the form of blocks and boul-
ders. These ejecta are observed ubiquitously over Eros’ 
surface. Mapping of the larger blocks reveals a concen-
tration at low latitudes, with nearly half the mapped 
volume of blocks residing within the Shoemaker 
impact crater.50 Most of the blocks and boulders outside 
Shoemaker display a distribution that is commensurate 
with a probable origin from the impact that created 
the crater.50 The lack of blocks and boulders associ-
ated with ejecta from Psyche and Selene implies that 
the ejecta from these older craters has been buried or 
eroded, or may not have initially contained the number 
of blocks produced by the Shoemaker impact.48,50 The 
blocks have shapes ranging from angular to rounded 
and clod-like with varying degrees of degradation.50,56 
The density of small craters (under 100 m) is markedly 
depleted on Eros compared to the Moon, but the density 
of boulders is markedly enhanced. 
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Figure 8. Evidence for a fragmental regolith cover on Eros 
includes the presence of blocks. The relatively large blocks in 
the lower left corner are ≈90 m across. They are surrounded by 
bright debris aprons, which are evidence for erosion. Many cra-
ters appear infilled. The bright albedo feature in the shallow crater 
at the top may have formed when dark material slid downslope, 
exposing bright material.

Figure 9. This image shows the interior wall of a large crater taken from an orbital alti-
tude of 35 km. Like many steep slopes on Eros, this area is mottled with downward-
oriented brightness streaks. The streaks are thought to be exposed subsurface material 
that has not been altered by space weathering processes. The whole scene is about 
0.8 km across.

Polarimetric and thermal studies57–59 have supported 
the presence of a fine-grained regolith layer on Eros. 
The surface morphology seen in the NEAR images veri-
fied the presence of a complex regolith (Fig. 8).56 This 
is inferred from the dearth of small craters (<100 m), 
the profusion of blocks and boulders in various states 
of burial, and evidence for burial of small craters and 
mass wasting.54,60 The regolith’s depth is estimated to 
be on the order of tens of meters based on measurements 
of filled craters and benches,61 the slump morphology 
observed in Himeros,48 and the global groove morphol-
ogy.53 Craters on Eros are typically shallower than lunar 
craters of the same diameter, consistent with a regolith 
depth ranging from tens of meters to less than 100 m 
close to the largest impact craters.61 

Eros’ regolith has been significantly modified and 
redistributed by gravity-driven slope processes. Examples 
include the high albedo features seen on sloped crater 
walls (Fig. 9) and the burial of craters on slopes and 
in depressions. The high albedo features occur approxi-
mately parallel to the slope contours54 and are typically 
1.5 times brighter than their surroundings. They occur 
preferentially where slopes exceed 25º.62,63 These fea-
tures’ higher albedo and subtle color differences from 
their surroundings are consistent with effects of space 
weathering due to exposure of fresher subsurface mate-
rial. However, the color variations associated with these 
high albedo spots are nearly 10 times weaker than those 
associated with high-albedo exposures of fresh materials 
on the Moon. This difference is best explained by differ-
ences in the small-scale physical effects of space weath-
ering on mineral grains between the Moon and Eros.62

The slopes of Himeros exhibit the most prominent 
landforms indicative of mass wasting, including dark 
markings extending 2 km down 
the eastern slopes.54 Hummocky 
topography indicates landslide-like 
movement of perhaps tens of meters 
of debris down the northeast side of 
Himeros, as well as slumps tens of 
meters thick on the crater’s western 
slopes.48 

An unexpected finding at Eros 
was the discovery of extremely 
level, ponded deposits.56,64–66 The 
ponds are characterized by smooth, 
sharply bounded surfaces in gravi-
tational lows (Fig. 10). Their mor-
phology is consistent with emplace-
ment of material with no shear 
strength, so they act like a fluid 
and “pond” with an equipotential 
surface.48 Images of many of these 
deposits show the presence of steep-
walled grooves, impact craters, and 
superposed blocks, implying that 

subsequent to their formation, compaction and cohe-
sion has occurred to create non-zero shear strength.48 
They have color properties distinct from the rest of 
Eros’ surface, suggesting that the ponds are concentra-
tions of fine-grained material.66 Their color and spec-
tral properties are consistent with a lower exposure to 
space weathering processes than the remainder of Eros’ 
surface.66 Processes such as electrostatic sedimentation 
and seismic shaking from impacts have been discussed 
as possible means to concentrate fine particulates to 
form these ponded deposits. 
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NEAR Shoemaker carried three spectrographs to 
measure the elemental and mineral composition of Eros: 
the bulk elemental composition was measured indepen-
dently by the X-Ray Spectrometer (XRS)52 and the 
Gamma-Ray Spectrometer (GRS),67 while the surface 
mineral composition was measured by the Near-Infrared 
Spectrometer (NIS).51 

to be lower than chondritic.68 The GRS data are sen-
sitive to tens of centimeters depth, so this measure-
ment pertains specifically to a volume on the order of a 
cubic meter of Eros. It is unknown from the GRS data 
alone whether the Fe depletion is a global compositional 
property or a property of the ponds. Images from the 

Figure 10. Eros close-up. (a) Arrows indicate a pond within a degraded crater; this frame is about 250 m across. (b) This frame is about 
150 m across and illustrates the high density of boulders and the paucity of small, fresh craters.

Figure 11. These four pictures are among the last ones taken by NEAR Shoemaker on 
12 February 2001, during its successful descent to the surface of Eros. (a) Image was 
taken at about 1150 m from the surface and shows an area about 54 m wide. The large 
boulder rests upon the surface with some overhang, while some of the smaller boulders 
appear partly buried by finer loose material. (b) Image was taken from a range of 700 m 
and shows an area 33 m across. Small craters and cracks are visible in individual boul-
ders. (c) Image was taken from a range of 250 m and shows an area only 12 m across. Dif-
ferent amounts of burial of the rocks and boulders are evident. (d) Last image was taken 
prior to touchdown from a range of 120 m and measures 6 m across. The bottom of the 
image was lost owing to interruption of its transmission to Earth as the spacecraft touched 
down. Part of a large boulder is visible at the top. At the bottom is a ponded deposit.

The orbital XRS data showed Ca, 
Al, Mg, Fe, and Si abundances con-
sistent with ordinary chondrite and 
certain primitive achondrite mete-
orite compositions.52 One unex-
pected finding from these measure-
ments was the depletion of sulfur 
compared to abundances measured 
in chondritic meteorites. The XRS 
measures to a depth of only a few 
tens of microns. Thus it is unknown 
if the sulfur depletion is a surface 
effect or a bulk Eros phenomenon.52 
A bulk depletion would imply an 
association with primitive achon-
drite meteorites for Eros.52 No evi-
dence for spatial heterogeneity in 
elemental composition was seen by 
the XRS.

The GRS observations had lower 
signal levels than predicted, and the 
highest precision elemental abun-
dance ratios were measured from 
the landing site (Fig. 11), a pond on 
the southeast border of Himeros.67 
The GRS surface data (Fig. 12) 
showed the Mg/Si and Si/O ratios 
and the abundance of K to be con-
sistent with chondritic meteorite 
values, but found Fe/Si and Fe/O 

(a) (b)

(c) (d)
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Multispectral Imager (MSI) clearly show a depletion of 
large particles in ponds,56,66 implying that size sorting 
has occurred. The lack of evidence for Fe depletion in 
the XRS data, which cover more representative areas 
of the surface, along with the image observations, sup-
ports the interpretation that the Fe depletion is a pond 
characteristic. 

Eros’ silicate mineralogy (Fig. 13), as measured by 
the NIS, is consistent with ordinary chondrite mete-
orites.44,51 The positions and relative depths of the 
observed pyroxene and olivine mineral absorptions are 
best correlated to L-, LL-, or H-type ordinary chon-
drites.44,51 The visible and near-infrared spectra are 
inconsistent with known primitive achondrites.69 The 

spatially resolved measurements revealed no convinc-
ing evidence for mineral compositional variation. The 
lack of spatial variation in the center of the 1-mm 
pyroxene/olivine absorption is evidence for composi-
tional homogeneity on the order of hundreds of meters 
or larger.44,51,62 The remarkable spectral uniformity of 
Eros may result from a uniformly high degree of space 
weathering from micrometeorite bombardment.55

The color observations obtained with the MSI, how-
ever, do show surprisingly large variations in albedo at 
760 nm (Fig. 9), with the material being up to 1.5 times 
brighter than the average surface.51,62,70 The depth of 
the 1-mm absorption (as opposed to the position of the 
center of the absorption) is several percent deeper for 
the bright materials than it is for the general surface.51,62 
Variations in the depth can be caused by differences 
in composition, particle size, or optical alteration due 
to space weathering. The inverse relationship between 
increased albedo and decreased absorption depth is 
characteristic of space weathering as observed on the 
Moon.21,71,72 An older surface that has been exposed to 
the space environment for a longer period of time will 
have optical properties altered by the process of space 
weathering. Comparisons of the space weathering pro-
cess on the Moon and Eros62 suggest that the composi-
tional difference between fresh materials on these two 
objects and/or differences in the microphysical processes 
of space weathering (such as those created by gravity or 
proximity to the Sun) significantly influence the optical 
characteristics of this process.

Significantly, no evidence for intrinsic magnetization 
of Eros73 was observed, even during the descent to the 
surface. The absence of magnetization is consistent with 
a thermal history in which Eros was never heated to 
melting.

NEW QUESTIONS AND DIRECTIONS
The NEAR mission, a mission of many firsts in 

NASA’s exploration program, substantially increased 
our understanding and knowledge of primitive bodies in 
our solar system. Although the data returned by NEAR 
have taught us many things about asteroids, much more 
remains to be learned. The questions answered have led 
to more intriguing, unanswered riddles.

The flyby of Mathilde provided a brief glimpse of 
only one face of this asteroid. However, for any plau-
sible value of its volume, the density of Mathilde is 
low enough to imply a high porosity. Thus NEAR has 
demonstrated that large, highly porous, rubble pile aster-
oids do exist within the main belt. No new informa-
tion was obtained on this asteroid’s rotation state or 
the cause of its slow rotation. No compositional infor-
mation was gleaned from this encounter. Many fasci-
nating questions remain: Is its composition related to 
that of carbonaceous chondrites? What is the nature of 
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the porosity within Mathilde? What geologic structures 
(internal and external) have survived on this asteroid?

NEAR obtained much more detailed information 
during its orbital encounter with Eros. Images, laser 
altimetry, and radio science measurements have pro-
vided strong evidence for a consolidated, fractured aster-
oid with a regolith cover. The cohesive strength of 
bulk Eros was not usefully constrained. The presence of 
jointed and structurally controlled craters implies the 
presence of a substrate, with cohesive strength exceed-
ing the gravitational stress, but the gravitational stress is 
very small on Eros. It is quite possible that the “consoli-
dated substrate” of Eros may be weak enough to crumble 
easily in one’s hand, or it may be much stronger. The 
geometric relations of grooves on Eros are suggestive of 
fractures in competent rock. The degree to which the 
interior has been fractured and the nature of the poros-
ity have not been clearly constrained. 

High-resolution imaging—down to a few centime-
ters per pixel—revealed a complex and active regolith, 
with many unexpected and puzzling features.56 The pau-
city of craters smaller than 100 m in diameter and the 
profusion of blocks at tens of meters and below is one of 
the mysteries left by the NEAR observations. The varia-
tion in the depth of the regolith—from 100 m in some 
regions to near absence in others—is another. The pro-
cesses forming the ponds, the debris aprons around some 
of the larger blocks, and the albedo contrasts are not 
well understood. 

The spectral measurements also provided us with a 
new set of questions. While the spectral observations are 
consistent with an ordinary chondrite meteorite com-
position, the measurements did not establish an undis-
puted link between Eros and a specific meteorite class. 
Is Eros actually unrelated to any known meteorite type, 
or is it actually chondritic at depth, below the surface 
layers that may have been altered and fractionated 
by unknown weathering processes? The homogeneity 
observed in the spectral data contrasts with the stronger 
color variations seen in images of Ida and Gaspra.44 On 
Ida, for example, relatively blue units (with a stronger 
1-µm band) could be identified with fresh craters and 
even associated with ejecta from crater Azzura,74 but 
no such phenomena were observed on Eros. It has been 
suggested that the different orbital histories of Ida and 
Eros are perhaps responsible for the variation,55,62 but 
there is no conclusive evidence for this hypothesis.

One of the most surprising results obtained by NEAR 
at Eros was the lack of magnetization. Most meteorites, 
including chondrites, are much more strongly magne-
tized than Eros!

It will take many years before the wealth of data 
return by NEAR has been fully explored, but many 
of the outstanding questions may be resolved only by 
other missions. NEAR has shown that landed missions 
to asteroids are possible, and the information returned 

by in situ measurements, such as seismic sounding, or by 
sample return will answer many of the riddles NEAR 
has left for us and open the door to new discoveries 
about the early solar system.
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